The possibility of Fc-dependent uptake of IgG immune complexes was examined in subcultured rat mesanial cells free of monocytes. "5Au-labeled colloidal gold particles were coated either with BSA only or with BSA followed by rabbit anti-BSA-IgG or the F(ab')2 fragment of the IgG. Mesangial cells preferentially took up "5Au particles covered with BSA-anti-BSA-IgG over those covered with BSA or the F(ab')2 fragment. This uptake was a time-dependent and saturable process inhibitable by sodium azide or cytochalasin B. Using phasecontrast microscopy in the light reflectance mode, it was established that essentially all mesangial cells took up IgGcoated gold particles. By electron microscopy the process was shown to consist of vesicular uptake with delivery to endosomes. Mesangial binding-uptake of the IgG-covered particles was associated with stimulation of PGE2 synthesis and production of platelet-activating factor, a lipid mediator of inflammation. To characterize the potential Fc receptor for IgG we used the rosetting technique with sheep red blood cells coated with IgG subclass-specific mouse monoclonal antibodies. 50% of mesangial cells exhibited resetting with red cells coated with mouse IgG2a, whereas negligible rosetting was observed with IgG2b or IgG1. Competition experiments confirmed the specificity of IgG2a binding. We conclude that cultured rat mesangial cells exhibit specific receptors for IgG and that occupancy of Fc receptors results in endocytosis and is associated with generation of PGE2 and platelet-activating factor. These observations may be of significance for immune-mediated glomerular diseases.
Introduction
Macromolecular uptake by mesangial cells was demonstrated by Farquhar and Palade (1) in their initial studies identifying the glomerular mesangial cell. They also established that vasoactive agents and glomerular injury could alter the amount of the macromolecules localizing to the mesangium (1) . These pioneering observations have since been confirmed in numerous in vivo studies (2) (3) (4) (5) . The mesangium is only separated by plasma, so that mesangial localization of macromolecules could just represent exposure to the glomerular filtrate. Clearly, however, immune complex formation and deposition in the mesangium is observed in many forms of glomerulone- phritis. This had led to the proposal that mesangial cells represent specialized vascular pericytes that may contribute to the pathophysiology of certain forms of glomerular diseases (7, 8) . In this context it has been debated whether mesangial cells are capable of actively taking up macromolecular complexes and specifically immunoglobulins. One view is that only bone marrow-derived macrophages that reside in the glomerulus and represent a small percentage of glomerular cells are capable ofphagocytosis ofimmune complexes (9) . An argument in favor of this interpretation has been the failure to demonstrate Fc receptors for immunoglobulins on mesangial cells by use of immunofluorescence microscopy (10) . Although the glomerular resident macrophages may play a major role in the handling of macromolecules and immune complexes, it has been proposed that the mesangial cell proper may also have specific uptake mechanisms for such molecules.
In vitro macromolecular uptake has been examined in cells isolated from glomeruli (11) and in primary cultures of rat mesangial cells. Baud et al. (12) first described uptake of serum-treated zymosan particles by cultured mesangial cells. Studies from several groups have shown that this is associated with generation of prostaglandins, lipoxygenase products of arachidonic acid, and release of reactive oxygen species (12) (13) (14) . Recently (15) . These observations would indicate that a ligand in the serum coat of the particles bound to a specific surface receptor triggering the subsequent events. We therefore considered the possibility that one of the ligands present on serum-coated gold particles might be an IgG. This possibility also received support from simultaneous studies by Sedor et al. (16) who showed stimulation of reactive oxygen production by mesangial cells exposed to IgG immune complexes. In these studies, surface binding was also sufficient to trigger the cellular response. Using '25I-labeled IgG, these authors further provided evidence that mesangial cells in culture express Fc receptors.
In the present study we examined Fc-dependent uptake of [195Au] colloidal gold particles coated with IgG-BSA immune complexes. In parallel, we determined generation of PGE2 and platelet-activating factor (PAF).' PAF is a lipid mediator of inflammation that can be generated by a number ofwhite cells upon stimulation (17, 18) . It is of interest that macrophages will generate PAF during phagocytosis (19) 
Determination ofPAF generation
For PAF generation mesangial cells (third subcultures) were grown to confluence in six-well plates (Inter-Med NUNC, Roskilde, Denmark). After removal of culture medium, the cells were washed three times with KR buffer and left to equilibrate for 30 min in KR buffer at 37°C. Aliquots of the three different gold preparations were then added to duplicate wells and incubations continued for the times indicated in Results. Incubations were terminated by removal of the buffer into cold methanol, the cells were washed once with cold buffer which was added to the buffer/methanol mixture. 2 ml of cold methanol was added to the cells, and the cells were scraped with a rubber policeman and collected into a glass extraction tube. The wells were washed with an additional 2 ml of methanol, which was added to the cell extract. Both incubation buffer and cell extract were spiked with 2,000 cpm of Incubation buffer and cells were extracted, purified and assayed separately for PAF.
Methods oflipid extraction
All samples (buffer or cell fractions) in methanol were homogenized in a Polytron (Brinkmann Instruments Co., Westbury, NY) on power output setting no. 6 for 30 s, then centrifuged at 1,300 g for 5 min. The pellet was saved for protein determination by the Bio-Rad Laboratories (Richmond, CA) kit. The supernate samples were extracted by the methods of Bligh and Dyer (25) as described previously in detail (20).
Extracted samples were further purified by either of two methods: (a) samples were spotted on TLC plates (LK6D silica gel plates, Whatman, Inc., Clifton, NJ) that had previously been heated to 180°C for 1 h, allowed to cool and run in a system of chloroform/methanol/water and phosphatidylcholine standards were run. Positions of the`4C standards were visualized by autoradiography and areas corresponding to the ['4C]PAF standard were scraped off the sample lanes, and extracted from the TLC silica by incubation with methanol/water (95:5). Alternatively, the samples were purified over an open silicic acid column containing 500 mg of silicic acid (40 Am, J. T. Baker Chemical, Phillipsburg, NJ) as described (20). In brief, the dried samples were resuspended in 0.5 ml ofchloroform/methanol (3:1) and applied to the column, followed by another 0.5 ml of the same to rinse the sample tube. The column was eluted sequentially with 10 ml of chloroform/ methanol (1:1), 5 ml of methanol, and 5 ml of methanol/water (3:1). This last fraction containing PAF was collected and dried under nitrogen.
Bioassayfor PAF activity
For PAF bioassay we used aggretagion ofrabbit platelets, as previously described (20). Platelet aggregation was determined in a four-channel aggregometer (Bio/Data Platelet Aggregation Profiler-4, Bio/Data Corp., Hatboro, PA) using 0.45 ml of the platelet suspension, and adding standards or samples resuspended in the Tris-Tyrode's buffer with calcium and magnesium. A standard curve ofPAF bioactivity was obtained using this method, from 10-10 to l0-7 M PAF. In some experiments halfofthe sample was subjected to alkaline hydrolysis (15 min in 0.5 M KOH at 45QC) followed by reextraction and bioassay, a treatment that destroys the platelet aggregating ability ofstandard PAF (17) . Results extrapolated from the PAF standard curve were expressed as picomoles of PAF bioactivity generated per milligram of mesangial cell protein.
Mass spectrometry for PAF
The lipid extract ofexperiments that tested positive for PAF bioactivity was further analyzed as the pentafluorbenzoyl ester by negative ion chemical ionization mass spectrometry (26). By this method, the hexadecyl PAF species yields an ion peak at m/z 552, the octadecyl PAF species at m/z 580, and the C18:1 species at m/z 578. Approximately 8 ng of deuterated PAF (D3) was added to each sample before analysis, as this gives an m/z ion at 555, clearly separated from the hexadecyl PAF, and allows standardization (26).
Preparation ofcellsfor electron microscopy
In some experiments endocytosis of ["'Au] BSA-IgG gold particles was verified by transmission electron microscopy as previously described in detail (15 taining BALB/c mouse monoclonal anti-SRBC antibodies of different IgG subclasses directed against SRBC. The amounts of antibodies used saturated binding sites on SRBC (see below). The IgG subclasses were IgGl, IgG2a, and IgG2b as previously described (27) . After three washes in PBS the SRBC were tested to assure that they did not spontaneously agglutinate. The actual amount of mouse monoclonal antibody absorbed on the SRBC was determined by radioimmunoassay using a mixture of two ["S]methionine-radiolabeled rat monoclonal antibodies directed against the mouse K light chain as reported (27) .
The amount of I'S-labeled antibodies binding to the coated SRBC was comparable for SRBC-IgG2a (21,000 cpm) and SRBC-IgG2b (23,000 cpm), but less for SRBC-IgGl (12,000 cpm). However, this represented saturating amounts of subclass IgG binding to the SRBC as coating with double the amount ofthe respective monoclonal antibodies did not increase the amount bound to SRBC.
Fc rosetting ofSRBC on mesangial cells. Mesangial cells (third to fifth subculture) on their culture dishes had their medium removed and were washed three times with PBS. They were then incubated with PBS containing 4 mg/ml of type IV collagenase (Worthington Biochemical Corp., Freehold, NJ) for 1 h at 370C, resulting in lifting offof the cells from the culture dish. Cells were pelleted, washed three times in PBS, and then resuspended in PBS to yield approximately 50,000 cells/ml. Aliquots of 0.5 ml of mesangial cell suspensions were then mixed with 10 Ml ofthe different IgG coated SRBC and incubated for 1 h at 4VC. Rosetting was then evaluated by counting 100 mesangial cells in a hemocytometer under a microscope. Mesangial cells associated with at least three SRBC were considered as rosette-positive.
Results
Uptake of["95Au] gold particles. Initially we examined the ef- I). Again uptake of these particles was significantly lower (P < 0.02) than ['9Au] BSA-IgG particles, but was also inhibited by cytochalasine B or sodium azide. These results also confirm our previous observations (15) , that mesangial cells will take up gold particles to some extent by ligand-independent endocytossis, though to a much smaller degree than by receptormediated endocytosis. Uptake of '"Au particles by mesangial cells was also compared with that by rat peritoneal macrophages. Peritoneal macrophages were obtained by lavage ofthe peritoneal cavity of Sprague Dawley rats with buffer. After washing, the peritoneal macrophages were left to adhere to culture coverslips for 6 h and were then washed and handled in parallel with the mesangial cells grown on coverslips. As shown in Table II During phagocytosis macrophages can generate PAF (19) . We had previously demonstrated the capacity of stimulated mesangial cells to produce PAF (20). We, therefore, investigated the possibility that uptake of the coated gold particles by mesangial cells might result in PAF formation. As shown in the top panel of Fig. 3 , no bioactivity for PAF could be detected after exposure of mesangial cells to BSA-gold and very little after F(ab')2-gold. In contrast, after exposure to IgG-gold considerable amounts of PAF were measured in partially purified lipid extracts from the mesangial cells by the platelet aggregation bioassay. Due to the limited sensitivity of the bioassay no bioactive PAF could be determined in the extracts of the incubation buffer. Identity ofthe bioactive material as PAF was verified by loss of bioactivity after alkaline hydrolysis (17) and by identification with negative ion chemical ionization mode of mass spectrometry (26). A single species of PAF with a 16-carbon saturated alkyl group in position one was found. By comparison with the deuterated PAF standard 40 pmol of PAF per mg mesangial cell protein had been generated after exposure to IgG-gold (Fig. 6) . This exceeds the PAF values obtained by bioassay (Fig. 3) which may represent an underestimation due to the limits of the bioassay. With the negative ion chemical ionization method PAF could also be determined in incubation buffer. 5 pmol of PAF per mg protein of mesangial cells was detected in the buffer after incubation with IgG gold (Fig. 6) . No PAF was detectable in the buffer after incubation with either BSA gold or F(ab')2 gold.
Characterization Table   942 Neuwirth et al. (27) . While this study uses mouse antibodies and rat mesangial cells, it nonetheless allows some characterization of the Fc receptor. Mesangial cells showed positive rosetting only with mouse IgG2a-coated SRBC. The specificity of this rosetting was further supported by the ability of IgG2a to inhibit IgG2a SRBC rosettes and the failure of either mouse IgG2b or IgGl to inhibit IgG2a rosette formation. Rosetting of IgG2a-coated SRBC on rat peritoneal macrophages was, however, reduced by preincubation with either mouse IgG2a or IgGl, confirming that rat mesangial cells have different Fc receptors than rat macrophages. It is also of interest that in our studies the rat mesangial Fc receptor responsible for rosetting with mouse IgG2a-coated SRBC was lost after trypsinization, a finding similar to the mouse macrophage IgG2a receptor (27) . The presence of Fc receptors on cultured rat mesangial cells is also in agreement with recent studies by Sedor et al. (16) . These authors reported Fc receptor-dependent binding of radioiodinated immune complexes to cultured rat mesangial cells. The immune complexes consisting of BSA-and anti-BSA-IgG from rabbit were closely comparable to the ones we used. Interestingly, binding of the radioiodinated immune complexes in the studies by Sedor et al. (31) was associated with generation of reactive oxygen species by mesangial cells. In our previous studies with serum-coated gold we had observed that stimulation of PGE2 synthesis only required surface binding of the serum-treated gold but not actual uptake. These observations would indicate that, similarly to leukocytes (31) in mesangial cells, binding of specific ligands to surface receptors triggers intracellular events that stimulate PGE2 synthesis and reactive oxygen generation.
The stimulation of PGE2 synthesis requires activation of phospholipase A2 (32) , which is also the initial step in PAF formation (17) . We have previously reported that mesangial cells can produce PAF (20) and PAF formation occurs during phagocytosis by macrophages (31) . It is therefore of interest that meshangial cells generated considerable amounts of PAF when exposed to ['95Au]IgG, but not when exposed to ['9 "Au]-BSA or ['95Au ]F(ab')2. This finding again implicates an Fcmediated trigger event on mesangial cells. The PAF formed was authenticated by loss of bioactivity after alkaline hydrolysis and by gas chromatograph-mass spectrometry. The PAF generated was exclusively of the hexadecyl species, i.e., containing a 16-carbon saturated alkyl group in position 1. This is similar to the results we had obtained with ionophore-stimulated PAF generation (20). About 80-90% of the PAF generated remained cell associated and 10-20% was released into the incubation buffer. These findings are also similar to those obtained with PAF generation by cultured endothelial cells (33, 34) . The significance of intracellular PAF remains unclear but could change surface adherence of cells (34) . Formation of PAF by mesangial cells during exposure to immune complexes could contribute to glomerular immune injury. For example, PAF can reduce glomerular filtration rate and can alter ultrafiltration characteristics and glomerular capillary permselectivity (17, 18) . Furthermore, blockage of PAF by specific receptor antagonists has been reported to improve experimental glomerulonephritis (17, 18) .
Taken together it appears that exposure ofcultured mesangial cells to serum-treated zymosan or colloidal gold particles or to IgG immune complexes triggers various cellular responses that include phagocytosis, release of reactive oxygen metabolites, formation of lipoxygenase products of arachidonic acid, prostaglandin synthesis, and generation of PAF.
These findings are highly reminiscent of Fc-receptor triggered events in neutrophils and macrophages (31, 35, 36) . Thus mesangial cells may represent a specialized pericyte that, while clearly distinct from monocyte-macrophages, exhibits a number of characteristics that may allow it to participate in immunologic and inflammatory processes within the glomerulus.
